The increasing demand of mobile internet and Internet of Things poses challenging requirements for indoor wireless communication. Visible light communication (VLC) is a promising technology to alleviate the growing traffic problem. In addition, nonlinear distortion of light emitting diodes (LEDs) results in a poor link quality. In this paper, we propose multiple access with polarity division sparse code (PDSC) for VLC, which is based on nonorthogonal multiple access and spatial characteristic of LEDs. The experimental results indicate that the PDSC significantly enhances capacity and spectral efficiency of VLC network compared with orthogonal frequency division multiple access. We also demonstrate that the PDSC can optimize the problem of nonlinear distortion with polarity division. The experimental results reveal that PDSC is a promising multiple access scheme for the indoor VLC networks.
Introduction
Optical communication is an enabling technique to achieve high speed, long reach, and low latency communication, and develops toward the converged, collaborative and co-automatic (3C), which plays an important role on the transformation of high speed, broadband, flexible and intelligent information networks [1] . Visible light communication (VLC), as an emerging technology in optical communication, has been considered as a promising choice for indoor wireless communication. In VLC, the light emitting diodes (LEDs), which are already commonly employed as luminaries, can be used as optical wireless transmitters [2] . The rapid development of mobile internet and internet of things (IoT) brings out major challenges that VLC needs to support massive connectivity of users and/or devices to meet the demand for low latency, low-cost devices, and diverse service types [3] . Therefore, the main drawback of VLC systems is the narrow modulation bandwidth of the light sources, which forms a barrier to massive connections [4] . These requirements are difficult to be satisfied with orthogonal multiple access (OMA) scheme, which are limited by the number of simultaneously transmitting users and orthogonal resource allocation [5] . To satisfy these requirements, enhanced technologies are necessary. In 5G, some potential candidates of non-orthogonal multiple access (NOMA) have been proposed to address challenges, such as power domain multiplexing [6] , [7] , [8] , multiuser shared access (MUSA) [9] , pattern division multiple access (PDMA), bit division multiplexing (BDM) [10] , multiple access with low-density spreading (LDS) [11] , [12] , and sparse code multiple access (SCMA) [13] .
However, these techniques cannot be directly applied to VLC network, because the signals for LED-based VLC must be real and positive. An alternative method is to add a DC bias to VLC signal to achieve positive signal. We can divide the complex signal to real and imaginary parts, which can be transmitted in different resource blocks. After being received separately, the two parts are combined mathematically by the receiver. ACO [14] and DCO [15] are adopted to achieve positive signal in OFDMA-VLC network. A symmetric codebook was proposed to achieve real signal and reduce the design and detection complexity for VLC system [16] . The simulation results of the symmetric codebook show that the proposed codebook performs better when the SNR is greater than 10. However, excessive SNR would cause LED nonlinearity in actual engineering which would result in poor BER performance of VLC system. Because LED has a certain linear interval. When the power of the input electrical signal exceeds its linear range, the output optical signal power will be suppressed.
Therefore, we combine the advantages of sparse coding of SCMA in 5G and the spatial characteristics of LED to propose the multiple access with polarity division sparse code (PDSC) for VLC. PDSC consists of two parts, the sparse coding and the polarity division. In the sparse coding scheme, a sparse code encoder maps the information bits of different users to a multi-dimensional codeword. At the receiver, message pass algorithm (MPA) can be applied to detect the signal of each user. Fig. 1 shows the resource block reuse of PDSC and OFDMA. The amount of users is more than that of resource block. As a result, significant enhancement in the capacity of system can be achieved. The polarity division scheme provides the opportunity of achieving positive signal with low nonlinear effects. Our PDSC scheme can significantly address LED nonlinearity and expand the capacity of VLC network simultaneously. Experiment results show that PDSC can outperform the OFDMA-VLC that utilizes the conventional DCO and ACO scheme. Fig. 2 shows the system structure of PDSC which mainly composed of three parts: the sparse encoding, the polarity division and the MPA decoding. This paper presents a detailed description on these three parts.
System Model

Sparse Encoding
In Fig. 3 , the bits stream of each user is mapped to multi-dimensional codewords in the complex domain by the certain codebook of the mapper. We define available subcarriers in a whole bandwidth as function nodes (FN), accessible users as variable nodes (VN). We consider an PDSC system with J VNs and K FNs, where the overload factor(OF) is defined as J /K . Namely, N b bits are mapped to a K-dimensional codeword from the predefined user codebook with size M (N b = log 2 M ). In OMA system, OF is usually less than or equal to 1 to mitigate the interference of different users. However, in PDSC, OF is greater than 1, while ensuring no interference between users. Therefore, PDSC can transmit the amount of data more than that of resource block. For the convenience of description in this paper, we set
] to be information bits transmitted by J users. We define encoder as f :
, χ is the K-dimensional codewords, which is a sparse vector with nonzero elements (N < K ). Assuming that c is a point of the K-dimensional constellation defined in a set C,
As a result, sparse code mapper can be defined as f = ν · B , ν ∈ B K ×J . ν is the mapping matrix which can map constellation point to K-dimensional codewords. The sum-codeword in complex produced from encoder is:
(1)
Polarity Division
The direct-current-biased optical (DCO) and the asymmetrically clipped optical (ACO) was currently applied to VLC systems to achieve positive signals which can be imposed to LED by intensity modulation. The average optical power of the DCO is large, and it is easier to exceed the linear range of the LED and aggravate nonlinear effects. The average optical power of the ACO is half that of the DCO, thus largely avoiding nonlinear attenuation. Because only half of the carriers of ACO are used to transmit data, SE of ACO is 50% lower than that of DCO, such as:
where N g is length of cyclic prefix (CP), M is the order of modulation. Further performance improvement can be achieved if we can design the scheme which can transform the modulated signal into a positive signal for VLC, while attenuating the LED nonlinearity. The proposed polarity division scheme divides the domain signal into the positive part and the negative part, The positive signal is directly transmitted to the free space by the LED1, and the negative signal is added bias to become a positive signal, and then transmitted to the free space by the LED2. Geometrically, we can easily prove that when LED1 and LED2 are close to each other enough, the positive and negative signals can be perfectly merged into the integrated signal in free space. And the integrated signal can be detected at the receiver without any additional hardware and software. For this reason, in PDSC, the average optical power of each LED is half of that of DCO. Hence, PDSC greatly reduces the peak to average power ratio (PAPR) of the signal on each LED, largely avoiding nonlinear attenuation. Moreover, the polarity division also uses all carriers for information transmission as DCO does, so SE of them is identical, such as:
where N g is length of cyclic prefix (CP), M is the order of modulation. As shown in Fig. 4 , we perform IFFT on the multi-dimensional complex codeword obtained by sparse coding to convert it to a real signal on the time domain. The time domain signal is then operated by the polarity divider. Fig. 5 shows the principle of the polarity divider. The time domain signal y 0 is divided into positive and negative parts as following:
Next, y 0 + [k] and y 0 − [k] will be converted to analog signal y 0 + (t) and y 0 − (t) by D/A. The analog signal will be emitted into free space by LED1 and LED2 respectively after power amplification (PA).
MPA Decoding
We suppose that all of the VNs were synchronized. As shown in Fig. 6 , the received signal y r by receiver is:
where h (j,k) is transmission matrix of jth VN and kth FN, n k is channel noise of kth FN. As shown in Fig. 7 , MPA decoding is mainly composed of 3 parts: initialize the conditional probability and prior probability of all nodes, message update for all information nodes based on constant iteration and Log-Likelihood-Rate (LLR) calculation for the probability of transmission of each codeword.
r
Step 1: Initialize the conditional probability and prior probability of all nodes
where n k is noise power estimation on F N k , H k is the channel matrix of physical resource k, h i ,k is the channel matrix of VN i on physical resource k. degree of FN and indicates the number of VNs connected to the FN. In addition, the number of types of codeword that each FN can produce is M, therefore, there are M df types of codewords in each FN totally. In this paper, each FN is connected to 3 VNs, so df = 3, M df = M 3 . After the residual is obtained, the conditional probability is calculated by:
We assume that the probability of transmission of the codewords is equal, so the prior probability of each codeword sent by the function node is 1/M. The probability of transmission of the codewords on each FN are initialized as:
where
(y ki ) is the probability that VN i will send the codeword y ki to FN k.
r Step 2: Message update for all nodes based on continuous iteration
Firstly, we update the message of FN. As shown in Fig. 8(a) , a FN sends messages to a connected VN. And the message which are sent to the VN were get from other VNs connected to the FN. For example, the message that FN1 sends to VN1 is received by FN1 from VN2 and VN3. We estimated the possibility of all codewords sent by the FN to the VN.
is the possibility of codewords y ki which is sent to VN i by FN k. Next, we update the message of VN. As shown in Fig. 8(b) , a VN sends messages to a connected FN. And the message which are sent to the FN were get from other FNs connected to the VN. In this paper, there is only one FN connected to the each VN. For example, the message that VN1 sends to FN1 is received by VN1 from FN2. We estimated the possibility of all codewords sent by VN1 to FN1 (VN1 to FN2).
Step 3: LLR output at VN after N-times iterations After finite iterations, I VN i →F N 1 (y) and I VN i →F N 1 (y) will tend to converge. We can calculate the Log likelihood ratio (LLR) based on the output of each VN. And the estimation of codewords output from VNs are as results of decoding. The result of each VN is equal to the product of the prior probability and all the estimated codewords of the VN by FNs which connected to the VN.
where k = 1, . . . , m. After getting the probability guess of codeword at each layer, we calculate the Log-Likelihood-Rate (LLR) of each coded bit for subsequent channel decoding:
Experiments and Discussion
Fig . 9 shows the experimental setup of the PDSC system. Because of the limitations of experimental equipment, we complete the modulation, demodulation, encoding and decoding of the signal on the computer. We import the PDSC signal which has been completed by the computer into the arbitrary waveform generator (AWG,Tektronix AWG5012) and set the bandwidth of the signal to 100 Mb/s. By the voltage-stabilized source, the bias voltage of the LED (OSRAM LUW W5SM) is set to 6 V and the drive voltage of the signal is set to 2 V. At the receiver, the commercially-made avalanche diode (Hamamatsu C12702-12) is used to receive optical signals and execute photoelectric conversion. Finally, we import the waveform captured by oscilloscope into the computer for subsequent decoding and demodulation. The first experiment verified that the PDSC-based visible light communication system has excellent system capacity. We compare the OFDMA-VLC system to PDSC systems with overload rates of 1, 1.25, and 1.5. In order to guarantee the accuracy, variable-controlling approach is applied to the experiment. Both OFDMA-VLC and PDSC systems use QAM modulation. Size of IFFT in two systems is 1024. Both OFDMA and PDSC symbols have a circular prefix (CP) of length 16 to eliminate ISI and ICI. And the frame of them comprises 70 symbols, 20 of which are training symbols for channel estimation. The OFDMA-VLC system in this experiment has 4 resource blocks and accesses 4 users independently. The PDSC system also has 4 resource blocks and accesses 4, 5, and 6 users respectively according to the overload rate. We choose the classic codebook of SCMA proposed by Huawei as the basal codebook of PDSC, the number of FN is 4, the number of non-zero elements is 2, and the number of codeword per codebook is 4. So there are 6 (C 2 4 = 6) different codebooks, and we select 4, 5 and 6 codebooks from them for PDSC-4FN-4VN, PDSC-4FN-5VN, PDSC-4FN-6VN by a random selection strategy respectively.
In VLC, it is not accurate to describe the nonlinearity of the LED by SNR, due to the large optical power of the bias voltage and the driving voltage. Modulation Factor (MF) is introduced to the experiment to indicate the ratio of optical signals to the total optical power (the total optical power includes optical signal power, noise power, parametric power, etc.). We compare the maximum data rate of systems under different MF, when system average BER is fixed on 1 × 10 3 . In other words, if BER exceeds 1 × 10 −3 , system will reduce the modulation order of QAM adaptively. If BER is less than 1 × 10 −3 , system will elevate the modulation order of QAM adaptively to reach the maximum data rate of the system. As shown in Fig. 10 , when MF is 0.25, OFDMA reaches the maximum value of the maximum data rate of the system, 78.49 Mb/s. At this point, the LED of OFDMA system has reached the upper limit of the linear range. When MF exceeds 0.25, the maximum data rate of the OFDMA dropped rapidly as the result of the effect of LED nonlinearity. However, the maximum data rate of all of PDSC systems continue to increase when MF exceeds 0.25. They reach the maximum value and tend to stabilization at MF = 0.35. The maximum value of the system maximum data rate of PDSC-4FN-6VN comes to 116.47 Mb/s, which is about 1.48 times that of OFAMA. It can be seen that PDSC can effectively avoid the effects of LED nonlinearity and significantly expand system capacity simultaneously. When M F < 0.2, system maximum data rate of the PDSCs have always been lower than the OFDMA because of the dense constellation point of PDSC which would result in misjudging at low MF.
The second experiment evaluated the performance of compensating LED nonlinearity in DCO-OFDMA, ACO-OFDMA and PDSC at different transmission distances. Fig. 11 shows average BER of all users based on DCO-OFDMA, ACO-OFDMA and PDSC to show the performance of compensating LED nonlinearity. The system data rates of the DCO-OFDMA and the PDSC are fixed on 100 Mb/s, and that of ACO-OFDMA is fixed on 50 Mb/s. Because the SE of ACO is the half of that of DCO and PDSC in theory.
The DCO curve comes to the minimum value at MF = 0.25 at both L = 10 cm and L = 20 cm because of nonlinear effects of LEDs. When M F < 0.25, BER performance is mainly affected by Gaussian white noise, the curve shows a linear decrease. When M F > 0.25, the signal intensity exceeds the linear range of the LED, resulting in the deterioration of BER. However, the BER performance of ACO continues to improve when MF keeps growing. This is because negative part of ACO signal is cut off that each LED carries the half of the signal intensity of the DCO. Furthermore, ACO carries data only on odd harmonics without second harmonic which is main factor results in non-linear effects of LED. Therefore, ACO suffer lower nonlinear effects of LEDs.
When M F < 0.2, the BER performance of PDSC is poorer than the DCO because of the dense constellation point of PDSC which would result in misjudging at low MF. When M F > 0.25, the BER performance of PDSC continues to be greatly optimized compared with the DCO. It can be seen that PDSC performs well in anti-nonlinearity. Although the anti-nonlinear performance of PDSC is not as good as ACO, system capacity and SE of PDSC are twice that of ACO. We can conclude that PDSC achieves a perfect balance between SE and anti-nonlinear performance that can achieve high system capacity while optimizing the error performance problems caused by nonlinearity.
Conclusion
In this paper, we have investigated the optimized system capacity and anti-nonlinearity of LEDs multiple access scheme design for VLC system. We have proposed the multiple access with polarity division sparse code. The experiment results show that the PDSC system can reduce the nonlinear effects on the BER performance and expand system capacity effectively.
